An electromagnetic shield was developed to improve the wavy meniscus profile in billet continuous casting with in-mold electromagnetic stirring (M-EMS). The characteristics of this shield were investigated through coupled simulation of the electromagnetic and the flow field. These numerical studies found that the designed shield decreases the electromagnetic force near the meniscus to 50 % whereas that in the M-EMS core region is reduced about 18 %. The designed shield was applied in the real billet caster with M-EMS. The imposed current was increased to compensate the reduced electromagnetic force near the M-EMS core. A close inspection of the produced billets found that the proposed shield greatly reduces the meniscus height even in the case of a stronger rotation flow in the mold.
Introduction
In-mold electromagnetic stirring (M-EMS) is a widely used technique for improving the quality of the billet and bloom in the continuous casting process. The electromagnetic force generated in the mold tends to put the molten steel into rotation. By controlling the M-EMS current and frequency, stirring intensity in the liquid pool can be controlled. A number of researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] found that M-EMS reduces center porosity, shrinkage cavity and macro-segregation, and that it removes non-metallic inclusions in the mold owing to centripetal force.
When the stirring intensity is increased by controlling the M-EMS current and frequency, the rotational velocity component of molten steel is increased. The strong rotational flow causes severe surface wave deformation at the meniscus, which may give rise to mold flux/slag entrapment in the casting. 10) That is, the intensity of M-EMS can be restricted by wavy meniscus.
In order to reduce the metal speed at the meniscus, a dual stator in-mold EMS system has been developed. [11] [12] [13] It consists of two identical stirrers, displaced axially with respect to one another. The lower EMS performs the main metal stirring in the mold. The upper EMS is intended for flow control at the meniscus. The reduction in the metal speed at the meniscus is achieved by rotating the upper EMS magnetic field in the direction opposite to that of the lower EMS. In addition, SEN-EMS has been invented, which generates the swirl flow in the submerged entry nozzle. Wang et al. 10) have found out that SEN-EMS is of little effect on the free surface including the surface wave and surface velocity, and SEN swirling together with mold stirring can improve inclusion removal while keeping the similar surface wave and velocity.
In this work, an electromagnetic shield was developed to reduce the meniscus wave during the electromagnetic stirring in the mold. The designed shield was numerically investigated and applied to the real billet caster.
Model Structure of Electromagnetic Shield
The system structure of a billet mold with M-EMS is shown in Fig. 1(a) . The M-EMS is installed outside the mold wall, and the distance between the M-EMS core center and the top of the mold is 368 mm. The M-EMS consists of the iron cores and six copper winding coils. The M-EMS system is fed by a three-phase power source to produce a rotating magnetic field. This rotating magnetic field induces currents in the molten metal owing to the conductive property of the metal. The interaction between the rotational magnetic field and the induced current gives rise to an electromagnetic force, called Lorentz force. The Lorentz force creates liquid metal motion in the same direction of the rotating magnetic field. As is well known, 14) when we consider the inclusion trajectories in the mold, most inclusions from the SEN flow into the mold, which reside a while and directly flow to the outlet of the mold without M-EMS. Compared with M-EMS, most inclusions do the swirl motion in the upper zone of the mold, and the residence time of inclusions in the mold is prolonged. Thus, the inclusion particles have more time to float up, and the cleanness of the molten steel is improved. However, on the contrary, the strong rotational flow by M-EMS causes severe surface wave deformation at the meniscus. This may lead to re-entrainment of the inclusions from the liquid slag layer. To solve this problem, an electromagnetic shield was designed to suppress the swirl motion near the meniscus. Fig. 1(b) shows the proposed shield installed around the mold. In order to block the magnetic field at the region near the meniscus, the shield of SS40 steel was installed between the mold and M-EMS and covers the region from 50 mm below the mold top to the M-EMS core top surface.
Numerical Investigation
In order to carry out a coupled simulation of the electromagnetic and flow field in the billet mold with M-EMS, the magnetic field distribution of M-EMS in the mold was calculated first, and then electromagnetic force as a momentum source was loaded into the momentum equation of the molten metal flow.
The ELEKTRA package of OPERA 3D software was used to calculate the magnetic field and the electromagnetic force. The magnetic field density B Table 1 gives the design and operational data together with the dimension of the billet. Figure 2 shows the calculated electromagnetic force vectors of the cases of 150 A, 210 A and 330 A. The rotating force acting on the molten metal in the mold is formed, which is the same direction as that of the traveling magnetic field. The magnitude of the force at the edge of the billet is much higher than that at the center of the mold. The relation between the maximum electromagnetic force and the imposed current is plotted in Figure 3(a) . According to the electromagnetic theory, 1) the Lorentz force F is directly proportional to B 2 , and BϰI (stirring current). Therefore, the Lorentz force is proportional to I 2 , i.e., FϰI 2 . Figure  3(a) shows the theoretical relation between the Lorentz force and the imposed current in M-EMS again. The Lorentz force profiles after and before installing the shield are compared in Fig. 3 . Fig. 3(a) compares the maximum Lorentz forces according to the imposed current, and Fig.  3(b) represents the Lorentz force profiles at the edge of the billet along the casting direction at 330 A. After installing the shield, all Lorenz forces in the mold are decreased as shown in the figure. However, the decrement of the Lorentz force near the EMS core center is smaller than that near the meniscus. The decrement amount of Lorent force near the core center is about 18 % whereas that near the meniscus is 50 %. This means the shield gives more effect to the meniscus region.
As the next step, the molten metal flow in the EMS mold is solved by treating the Lorentz force discussed above as a source term to the momentum equation as follows 16) ; ......... (4) where P is pressure, m t represents the turbulent viscosity and F is Lorentz force. Since the Lorentz force is the time averaged value, the molten metal flow is assumed to be a steady state. In addition, the standard k-e turbulence model is adopted for turbulence modeling. The finite volume method of the higher HLPA scheme 17) was used, and SIM-PLC algorithm 18) was chosen for the pressure-velocity coupling. The non-staggered, uniform grid system was utilized, and the momentum interpolation method 19) was used to avoid the pressure zig-zag. For a simulation of the surface deformation at the meniscus, the following equation which is proven in many studies was used 20) . where P s represents the meniscus pressure and P o is the reference pressure. Figure 4 shows the global velocity vectors of both 0 A and 330 A. Without M-EMS, most of the molten metal directly flows downward, and only a little molten metal flows to the top surface of the mold to form recirculation zones. The molten metal at the cross section of the mold has no tangential velocity as shown in Fig. 4(a) . With M-EMS, the flow field of molten steel in the mold gives rise to a clear change. The molten metal coming from the SEN penetrates to downward. When the penetration depth to the casting direction is considered, the penetration depth of M-EMS (330 A) is shorter than that of No-EMS (0 A). This is the same result as the previous studies.
16 ) The molten metal of M-EMS (330 A) has a rotating velocity distribution by the action of the rotating electromagnetic force as shown in Fig. 2(c) .
To investigate the effect of the shield, we checked the swirl velocity at the cross section of the core center as M-EMS performance, and studied the wavy meniscus profiles. Figure 5 shows the calculated velocity vectors of both noshield and shielded cases at the cross section of the core center. In the case of 150 A, the maximum swirl velocity of shield is 0.225 m/s whereas that of no-shield is 0.253 m/s. In the case of 300 A, the maximum swirl velocity is decreased from 0.451 to 0.397 m/s after installing the shield. This result means that the shield decreases about 18 % of the maximum electromagnetic force as shown in Fig. 3(b) , and reduces the maximum swirl velocity of about 12 %. Fig. 6 compares the calculated meniscus profiles and maximum height according to the M-EMS currents in the cases of both before and after installing the shield. In the case of no-shield, when the current is increased from 150 to 330 A, the maximum meniscus height is increased from 3.0 to 10.1 mm. After the shield is installed, the maximum meniscus height is reduced. In the case of 330 A, the maximum meniscus height of shield is 6.8 mm whereas that of noshield is 10.1 mm. In the case of 150 A, 3.0 mm meniscus height is changed to 2.1 mm by the shield. The results from 150 to 330 A indicate that about 33 % of the meniscus height is decreased owing to the installing of the shield. This means that the shield decreases 50 % of the electromagnetic force near the meniscus, as shown in Fig. 3(b) , and reduces the meniscus height of 33 %. As shown in Figs. 5 and 6, the present shield installed near the meniscus decreases about 33 % of meniscus height, and reduces about 12 % of maximum swirl velocity. That is, the decrement percentage of meniscus height is 3 times higher than that of the maximum swirl velocity after installing the shield. When we control the M-EMS current, we can get more flat meniscus on the base of the same maximum swirl velocity, or obtain stronger swirl velocity on the same meniscus height after installing the proposed shield.
Real Plant Application
To test the performance of the designed shield, the shield has been installed in the real billet caster, as shown in Fig.  7 , and STS 304 and SAE 9254 billets were produced before and after installing the shield on the same casting conditions except for the current of M-EMS. In the casting tests, since the wave height of the oscillation marks was greatly decreased after installing the shield, we increased the M-EMS current. In the case of STS 304, we increased the current from 150 A (the previous used current) to 210 A. For SAE 9254, 260 A was increased to 320 A.
First, the dendrite arm near the billet surface was studied to check the swirl velocity of both no-shield and shield, indirectly. Figure 8 shows the enlarged cross section photos near the surface of the produced billets. As the well known phenomena of M-EMS, 8) the deflection of the dendrite arm by M-EMS is also shown in these photos, and the deflection angle is increased in the region near the billet surface. The measured deflection angles of the dendrite arm are shown in Fig. 9 . In the cases of the shield without changing imposed current (150 A of STS 304 and 260 A for SAE 9254), the deflection angle of the dendrite arm is decreased compared to that of no-shield cases. This means that since the shield decreased the swirl velocity in the mold, the deflection angle of dendrite arm of the shielded case is less than that of no-shield. However, when the imposed current of M-EMS with the shield is increased as 150→210 A for STS 304 and 260→320 A for SAE 9254, the deflection angle of dendrite arm was larger than that of the previous operation case (150 A and 210 A) without the shield. This represents that the swirl velocity of shielded cases with increased current (210 A and 320 A) is larger than that of no-shield case with the previous used current (150 A and 260 A). Figure 10 shows the oscillation profiles of all cases. Since oscillation mark is the duplicate of the meniscus profile, the meniscus height can be calculated through the oscillation mark. When the same current is imposed (150 A for STS 304 and 260 A for SAE 9254), the maximum height of oscillation mark of the shielded cases is less than that of no-shield. This explains that the shield blocks the electromagnetic force near the meniscus and decreases the meniscus height, as shown in the numerical investigation. Even though the imposed currents of shielded cases are increased as 150→210 A for STS 304 and 260→320 A for SAE 9254, the maximum oscillation height of shielded cases is less than that of the previous operation cases (noshield, 150 A for STS 304 and 260 A for SAE 9254). In the case of SAE 9254, when we compare the new operation condition (shield case with the increased current 320 A) to the previous one (no-shield with 260A), it is found that even though the new operation condition bent the dendrite arm more than the previous one because of stronger swirl motion, it makes more flat meniscus. For STS 304, the shield case with the increased current 210 A shows more © 2010 ISIJ flat meniscus than the no-shield with 150 A whereas the shielded case with 210 A gives stronger swirl motion. This means the shield can decrease the meniscus wavy height but increases the swirl motion in the mold simultaneously.
Conclusions
In this paper, an electromagnetic shield for M-EMS was developed to improve the wavy meniscus profile shown in the billet continuous casting with the in-mold electromagnetic stirring (M-EMS). The shield was designed to cover the region from the meniscus to the top surface of M-EMS core. A numerical investigation of this shield indicated that the shield decreases the electromagnetic force near the meniscus more than that near the M-EMS core center. It decreases about 33% of meniscus height and reduces about 12% of maximum swirl velocity.
The designed shield was installed in the real billet caster and its performance was tested. The imposed current was modified to compensate for the decreased electromagnetic force due to shield as (260→320 A for SAE 9254 and 150→210 A for STS 304). A comparison of the oscillation mark profile and dendrite arm revealed that the meniscus height is decreased 9-12→3-6 mm for SAE 9254 and 4→3 mm for STS 304 after installing the shield, even though the swirl velocity of shield is larger than that of noshield.
A close inspection of the produced billets demonstrated that the present shield greatly reduces the meniscus height even in the case of a stronger rotation flow in the mold.
